We report the infrared optical response of thin black phosphorus under field-effect modulation, and interpret the observed spectral shifts as a combination of an ambipolar Burstein-Moss (BM) bandgap shift due to band-filling and Pauli-blocking under gate control, together with a quantum confined Franz-Keldysh (QCFK) effect, which have been proposed theoretically to occur for BP flakes under electric field modulation.
The emergence of a variety of two-dimensional materials has spurred tremendous research activity in the field of optoelectronics [1] [2] [3] [4] . While gapless graphene can in principle exhibit an optoelectronic response at wavelengths ranging from the far infrared to the ultraviolet, its optoelectronic behavior is limited by a lack of resonant absorption and poor optical modulation in the absence of 1D confinement. On the other hand, the semiconducting molybdenum-and tungsten-based transition metal dichalcogenides have shown considerable prospects for visible frequency optoelectronics. Yet while these materials promise exciting new directions for optoelectronics and nanophotonics in visible, they have limited response for lower energy, infrared light.
The isolation of atomically thin black phosphorus in recent years has bridged the wavelength gap between graphene and transition metal dichalcogenides, as black phosphorus is an emerging two-dimensional semiconductor material with an infrared energy gap and typical carrier mobilities between those of graphene and transition metal dichalcogenides. [5] [6] [7] Since the first isolation of black phosphorus and demonstration of a field effect device, numerous reports investigating the synthesis and optoelectronic properties of this material have emerged, appropriately summarized in recent reviews. 5, 6, 8, 9 Likewise a number of reports have also appeared on the applications of black phosphorus in fast photodetectors 10 , polarization sensitive detectors, 11 waveguide integrated devices 12 , multispectral photodetectors 13 , heterojunction 14 and split gate p-n homojunction photovoltaics 15 , gate-tunable van der Waals heterojunctions for digital logic circuits 16, 17 and gigahertz frequency transistors in analog electronics 18 . A majority of the studies on both the fundamental optical properties of black phosphorus and applications in optoelectronic devices have explored only the visible frequency range [19] [20] [21] [22] .
Therefore little is known about the intrinsic optical response of black phosphorus in the infrared range. As a narrow band-gap semiconductor, much of the potential for black phosphorus lies in these infrared optoelectronic applications -ranging from tunable infrared emitters 23 Figure 3b shows the primary result of our experiment, which is the modulated transmission of the sample at different voltages, normalized to the transmission spectrum at zero bias. Three prominent features are observed in these spectra. First, under negative applied bias (i.e.: when the sample is being depleted of holes), a negative peak (I) appears in transmission near 0.45 eV, which grows in amplitude and broadens to lower energies as the magnitude of the bias increases. Second, under positive applied bias (i.e.: when the sample is being increasingly hole-doped), a positive peak (II) appears in transmittance near 0.5-0.7 eV. Lastly, these carrier-dependent effects are superimposed with an oscillatory feature (III) that varies with the magnitude of the applied field, but not its polarity, and which is most clearly visible in the negative bias spectra in the 0.5-0.7 eV range, where no Burstein-Moss shift should be seen.
Due to the distinct character of each feature, we can understand the overall spectral shifts as arising from a combination of a Burstein-Moss (BM) shift and the quantum confined Franz-Keldysh (QCFK) effect, as has been predicted theoretically in BP flakes of this thickness. 31 Because our flake exceeds a thickness of ~4 nm, we can neglect any excitonic effects and therefore do not consider the giant Stark effect or a normal-to-topological phase transition in our analysis. 21, 22 We suggest that peak (I) can be described by the onset of allowed j = 1 intersubband transitions as the material is depleted of holes at negative gate voltages, in agreement with our transport measurements. We further suggest that peak (II) can be described primarily by the suppression of j = 2 intersubband transitions as more holes are accumulated in the flake at positive gate voltages. This is shown schematically in Figure   3c . We additionally explain these results by calculating the optical conductivity of our BP flakes at various doping levels, using the theoretical framework developed in ref. 30 . The band structure of thin BP is calculated for various thicknesses and carrier densities and the Kubo formula is used to evaluate the optical conductivity as a function of frequency, shown in Figure 3d . Our experimental results correspond qualitatively in this low energy range to the optical response obtained from our calculations. From these results, we may assign the band gap energy of our flake as being Eg ~ 0.4 eV, consistent with theoretical models that predict an increase in band gap energy from the bulk 0.3 eV value as the material thickness decreases to several layers or thinner. 21 The oscillatory feature (III), on the other hand, grows in magnitude as the local field strength increases, likely corresponding to a shift in the overlap of the first conduction and valence subband wavefunctions as explained by the quantum-confined Franz-Keldysh effect, previously explored theoretically in ref. 31 . In a bulk semiconductor, the Franz-Keldysh effect introduces simple oscillatory perturbations to the absorption edge, but in quantum well structures this behavior is modified. 33 Under a sufficiently strong electric field, hybrid optical transitions between subbands of different index (eg:
Ev1 to Ec2) become allowed, even though they are predicted theoretically to be forbidden, and have zero oscillator strength, in the absence of a strong electrostatic field. Notably, recent experimental investigations 34 show evidence that these transitions may still occur without the application of an electric field, and further theoretical and experimental investigation of this phenomenon is needed to fully explain these results. Nonetheless, we suggest that the quantum-confined Franz-Keldysh effect leads to the appearance of the additional oscillatory spectral features we observe, owing to the increased oscillator strength making these transitions significantly more prominent. It is also worthwhile to note that under a strong applied field, the optical band gap becomes less sharply defined.
Interestingly, we see no evidence of a tunable plasma edge; investigations in the longwave infrared wavelength range with larger samples would likely be needed to observe this feature.
We note that because of the complicated polarization state of incident light from the synchrotron, and because previous studies have extensively studied this effect experimentally 30 , 35 , we do not study in detail the anisotropic optical properties of BP.
However, due to the primary contribution to the optical conductivity arising from the σxx component, we argue that the only effect of elliptically polarized light is to scale the observed modulation, as discussed in the Supporting Information.
Results for the 25 nm thick BP flake are shown in Figure 4 . Unlike the 6.5 nm thick flake, we observe ambipolar transport at a temperature of 80 K and a pressure of 3 mTorr, as shown in Figure 4a . Similar results have been shown in the literature with on/off ratios of ~10 4 for flakes thinner than the one considered here; it is likely that the low operation temperature and strong gate bias conditions used in our experiments, as well as the nearly intrinsic doping of the flake at zero bias enable us to observe strong conductance modulation. 14 The infrared transmission results are shown in Figure 4b , normalized to the zero bias transmission, and show significant modulation of a single broad feature. This feature is strongest at positive bias, and reverses sign twice: it changes polarity as the bias crosses 0 V, and again between -60 V and -120 V.
We interpret our results for the 25 nm sample using a combination of a BursteinMoss shift and quantum-confined Franz-Keldysh effect. Because this flake exhibits ambipolar transport, we can understand the primary spectral feature as resulting from three separate regimes of charge carrier modulation. At increasingly positive bias (ie:
increased hole doping), Pauli blocking of optical transitions is increased, resulting in higher infrared transmission at lower photon energies. At negative bias, transmission first decreases as we deplete the sample of holes and more optical transitions are allowed, and then increases as the sample becomes electron-doped and a Burstein-Moss effect of the opposite charge carrier type is introduced. This ambipolar, gate-controlled BursteinMoss shift is the first observed in a two-dimensional semiconductor, to the best of our knowledge. We further highlight the significant modulation strength of this effect -a relative change in transmission of up to 15% despite background signals from the PMMA capping layer and SiO2/Si substrate.
Superimposed on this large modulation are small oscillations that are most evident at high applied field -particularly +120 V. We suggest that these oscillations are related to features in the quantized intersubband transitions that occur in the BP optical conductivity, as seen from the calculation in Figure 4d . A further, larger oscillation appears in the -120 V transmittance spectrum near 0.3 eV. We speculate that this feature may result from distinctions between electron and hole-doped optical responses; however further study would be required to draw definitive conclusions about this.
In conclusion, we have demonstrated experimentally that ultra-thin black phosphorus exhibits widely tunable optical properties at mid-infrared wavelengths. We find that in 6.5 nm thick BP, modulation of infrared transmission takes place as a result of both a Burstein-Moss shift and quantum confined Franz-Keldysh effect. In thicker 25 nm BP, we observe for the first time an ambipolar Burstein-Moss shift, with modulation strengths up to 15%. While our results verify some of the theoretical predictions about the electro-optical effects in few-layer BP, more work is needed to further understand the BP optical response as function of sample thickness, in addition to the field effect mediated infrared response in the few-layer (< 3 nm) limit. Our results indicate that BP is both an interesting system for exploring the fundamental behavior of quantum confined carriers in two-dimensional semiconductors under field-effect modulation, and a promising candidate for tunable mid-infrared optical devices.
Methods:
BP flakes were exfoliated in a glove box from crystals grown by HQ Graphene. 
II. Polarization State of FTIR Beam
The FTIR beam used in all transmittance measurements has an inherent elliptical polarization due to its synchrotron source. The polarization state is approximately two to one polarized along the major axis of this ellipse, which is indicated in Figure S2 . Due to the complicated polarization state of incident light from the synchrotron, and because previous studies have extensively investigated this effect experimentally 30, 35 , we do not study in detail the anisotropic optical properties of BP. However, since the σxx component of the optical conductivity is one to two orders of magnitude larger than the σyy component, plotted in Figure S3 , we argue that the observed optical response derives almost entirely from light-material interactions along the armchair direction. As a result, the only effect of elliptically polarized light is to scale down the observed modulation strength. Probing devices with light of properly aligned polarization -linear along the armchair direction -would maximize this modulation strength; however, the underlying physics would be unchanged. Figure S3: Calculated σyy optical conductivities at different Fermi levels for a) the 6.5 nm flake and b) the 25 nm flake. In both cases, σyy is one to two orders of magnitude smaller than σxx, implying that the interaction of the FTIR beam with the flake is dominated by the σxx. As a result, any polarization of the FTIR beam effectively scales the gate modulation as the strength of the interaction of the beam with the σxx vs σyy optical conductivity components changes.
